Acute increases in the concentration of malonyl CoA play a pivotal role in mediating the decrease in fatty acid oxidation that occurs in many tissues during refeeding after a fast. In this study, we assess whether such increases in malonyl CoA in liver could be mediated by malonyl CoA decarboxylase (MCD), as well as acetyl CoA carboxylase (ACC). In addition, we examine how changes in the activity of ACC, MCD and other enzymes that govern fatty acid-and glycerolipid synthesis relate temporally to alterations in the activities of the fuel sensing enzyme AMP-activated protein kinase (AMPK). Rats starved for 48h and refed a carbohydrate chow diet for 1, 3, 12 and 24h were studied. Refeeding caused a 40% decrease in the activity of the α1-isoform of AMPK within 1h, with additional decreases in α1 AMPK activity and a decrease in α2 AMPK occurring between 1-24 h. At 1 hr, the decrease in AMPK activity was associated with an 8-fold increase in the activity of the α1 isoform of ACC and a 30% decrease in the activity of MCD, two enzymes thought to be regulated by AMPK. Also, the concentration of malonyl CoA was increased by 50%. Between 1h and 3h of refeeding, additional increases in the activity of ACC and decreases in MCD were observed, as was a further 2-fold increase in malonyl CoA. Increases in the activity (60%) and abundance (12-fold) of fatty acid synthase (FAS) occurred predominantly between 3-24h and increases in the activity of mitochondrial glycerol phosphate acyltransferase (GPAT) and acyl CoA: diaclyglycerol acyltransferase (DGAT) at 12 and 24 h. The results strongly suggest that early changes in the activity of MCD, as well as ACC, contribute to the increase in hepatic malonyl CoA in the starved-refed rat. They also suggest that the changes in these enzymes, and later occurring increases in enzymes regulating fatty acid and glycerolipid synthesis, could be coordinated by AMPK.
INTRODUCTION
The transition from the fasted to the fed state is associated with nutritional and hormonal changes that lead to increased hepatic glycerolipid and fatty acid synthesis and decreased fatty acid oxidation and ketogenesis (41). Many of the enzymes that mediate these events have been identified, as have the hormonal factors and molecular mechanism(s) by which their activity is altered (2, 8, 16, 17, 28, 45, 53) . We examine here the possibility that the changes in activity of these enzymes during refeeding are coordinated by AMP-activated protein kinase (AMPK).
AMPK belongs to a family of highly conserved serine kinases that are regulated by nutritional and metabolic stresses that increase or decrease cellular levels of AMP and ATP and perhaps other molecules (16, 19) . When activated, AMPK protects the cell against ATP depletion by stimulating processes such as fatty acid oxidation that promote ATP generation and inhibiting others that use ATP, but are not acutely necessary for survival (16, 22) . In keeping with this role, AMPK has been shown to increase the activity of a number of enzymes of lipid metabolism whose activity is altered by starvation and refeeding. For instance, activation of AMPK in liver has been shown to do the following: 1) to phosphorylate and inactivate acetyl-CoA carboxylase (ACC) leading to a decrease in the concentration of malonyl-CoA, an allosteric inhibitor of carnitine palmitoyl transferase 1 (CPT-1) (7, 15, 36) , 2) to suppress the transcriptional regulator sterol regulatory element binding protein 1c (SREBP-1c), an effect which decreases the expression of ACC, fatty acid synthase (FAS) (61) and the first committed enzyme in the pathway of glycerolipid synthesis, sn-glycerol-3-phosphate acyltransferase (GPAT) (8, 35) , and
3) to increase the activity (51) and expression (46) of CPT-1. In addition, some, although not all studies (14), have suggested that AMPK regulates the activity of malonyl CoA decarboxylase, a major determinant of malonyl CoA turnover in many tissues (42, 52) , and that it does so both by phosphorylating and activating the enzyme (42) as well as by regulating its expression (10, 45) .
It has also been suggested that AMPK could regulate GPAT by altering its phosphorylation (35).
In the present study, we examined the possibility that AMPK coordinates the transition of hepatic lipid metabolism from catabolism to anabolism in the starved rat when it is refed. In addition, we assessed whether changes in the activity of MCD, as well as ACC, could account for the increase in hepatic malonyl CoA in the starved-refed rat. Toward these ends, the activity of the α1-and α2-isoforms of AMPK was determined in liver of 48h starved rats before and after 1,3,12 and 24 h of refeeding a chow diet. In addition, the activity and, where possible, the abundance of key enzymes involved in regulating fatty acid metabolism, such as ACC1, MCD, FAS, GPAT and DGAT were determined. The results indicate that the activity of AMPK is significantly diminished after one hour of refeeding and remains low for at least an additional 23h. They also reveal that these changes in AMPK antedate or are associated with changes in the activity of all of the above-mentioned enzymes. Finally, they demonstrate that a change in both MCD and ACC activity accompany the early increase in hepatic malonyl CoA content during refeeding.
MATERIALS AND METHODS

Experimental Animals
Male Sprague-Dawley rats (155-160 g; Harlan Sprague-Dawley, Indianapolis, IN) were housed in individual cages in a room on a 12-h light cycle and fed a rat chow diet containing 20%
protein, 15% fat and 65% carbohydrate (Harlan-Teklad, Madison, WI) ad libitum for six days.
Rats were then divided into groups that were either starved for 48 h or starved and then refed for 1, 3, 12, or 24 h. After this they were anesthetized with pentobarbital (4 mg/100 g bw, i.p.) and portions of the liver were excised and frozen in liquid nitrogen for subsequent analyses. The rats were then euthanized by exsanguination. All research on these animals was reviewed and performed in accordance with the requirements of the Institutional Animal Care and Use
Committee at Boston University Medical Center.
AMPK, ACC and MCD activity Assays
Livers were homogenized as described previously (36) and immunoprecipitated AMPK and ACC assayed in a 500Xg supernatant fraction by a modification of the methods of Vavvas et al (50). The activities of the α1 and α2 isoforms of AMPK and the α isoform of ACC (ACC1) were determined as previously described (20, 36 
GPAT, DGAT and FAS activity Assays
GPAT in liver homogenate (600Xg supernatant) was assayed with 300 µM 
Malonyl-CoA concentration and glycogen content
Malonyl-CoA was measured radioenzymatically in neutralized perchloric extracts by the method of McGarry et al. (31) as modified in our laboratory (7) . Glycogen was determined spectrophotometrically as described previously (7) .
Statistics
Results are expressed as means ± SE. Statistical differences between two groups were determined by the Student's t-test where multiple groups were compared by one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls post hoc analysis. p < 0.05 was considered statistically significant.
RESULTS
AMPK activity
We examined the effects of 48h of starvation and 1-24h of refeeding a standard high carbohydrate chow diet on AMPK activity in liver. AMPK was found to be regulated acutely, with the α1 isoform being most responsive ( Fig 1A) . Thus, a 40% decrease in α1-AMPK activity was observed at 1h with modest additional decreases occurring up to 12h. A significant decrease in the activity of α2-AMPK was not observed after 1h; however, thereafter, decreases in its activity paralleled those of α1 AMPK and by 24h they were significantly lower than prefeeding values. AMPK α1 and AMPK α2 activities were reduced by 60% and 35%, respectively, in comparison to prefeeding values.
Malonyl-CoA, ACC, MCD and FAS
As reported previously (7), hepatic malonyl-CoA levels increase rapidly after refeeding a 48h starved rat, reaching a peak at 3 h, and then declining slightly (Fig. 1B) . Changes in ACC and MCD activity occurred sufficiently early to contribute to these changes. Thus, the activity of ACC1, the major isoform in liver, was increased approximately 8-fold at 1h and 10-fold at 3h of refeeding, and then showed little change up to 24h. The abundance of ACC protein (ACC1 plus ACC2) was only increased by 3-fold and 5-fold at 1 and 3 h, suggesting that covalent changes (e.g. phosphorylation), as well as alterations in enzyme synthesis or degradation contributed to the increase in activity at these times ( Fig. 2 A, B ). In keeping with the increases in malonyl CoA concentration after 1 and 3h of refeeding, MCD activity was decreased by 33 and 50% at these times and it decreased further between 3h and 12 h (Fig. 2C) . In contrast to ACC, little change in MCD abundance was observed during the first 12h of refeeding ( Fig. 2D ), strongly suggesting that the decrease in MCD activity during this time was due to covalent modification.
Interestingly, MCD abundance decreased between 12-24h despite the absence of a change in its activity (Fig. 2D ).
The activity of FAS, like that of ACC, increased during refeeding; however, the predominant increases in its activity and abundance occurred later (3-12hrs) (Fig 3A and 3B ) and may have accounted for the modest decrease in hepatic malonyl CoA during this time period. In contrast to ACC, the increase in FAS abundance (2000%) was much greater than the 100% increase in activity (Fig. 3B) .
GPAT, DGAT and glycogen
In keeping with previous reports (27), mitochondrial GPAT activity increased with refeeding. In addition, a borderline increase in microsomal GPAT activity was observed (Fig 4) . The increment in mitochondrial GPAT activity (approximately 100%) was similar to that of FAS;
however, it occurred later (18-24h for GPAT vs predominantly 3-12h for FAS). The activity of DGAT, a more distal enzyme in the pathway for glycerolipid synthesis was similarly increased, although the increase occurred somewhat earlier (3-12 h) (Fig. 5 ).
Liver glycogen content measured at the end of the fast and 12 and 24h of refeeding, was 38 ± 5, 320 ± 12, and 235 ± 15 µmol/g, respectively (n=5-6 animals).
DISCUSSION
The shift of lipid metabolism in liver from catabolism to anabolism in a starved-refed rat is well documented (28, 30). The results of the present study add MCD and DGAT to the list of hepatic enzymes whose activity is acutely or subacutely altered by refeeding. In addition, they raise the possibility that AMPK coordinates the changes in these and other enzymes of lipid metabolism during the starved-refed transition.
In keeping with earlier findings (21, 49) , the activity of ACC in liver increased dramatically in the first 1-3h after refeeding and this coincided with changes in malonyl CoA concentration. A novel finding was that MCD activity was diminished by 35 and 50% after 1h and 3h of refeeding, respectively, and by 80% at 12 h, suggesting that changes in the activity of both enzymes contributed to the increase in whole-tissue malonyl CoA. Since the liver contains two isoforms of ACC (1, 33) and perhaps as many as three isoforms of MCD (E Joly, N Ruderman, M. Prentki, unpublished), further studies are needed to determine whether all of these isoforms and the pools of malonyl CoA they regulate are equally altered during refeeding.
The changes in both ACC and MCD activity during refeeding appeared to occur by more than one mechanism. In agreement with the findings of others, ACC activity was increased at 1h due in large part to increases in its specific activity (presumably the result of dephosphorylation) (48) and at later times (1-12h) due to an increase in abundance (2, 28, 47) . A decrease in liver MCD activity, attributable to a change in its abundance, has been reported in 48h starved rats after 72h of refeeding by Dyck et al (10) . In contrast, in the present study, prior to 12h of refeeding, decreases in mitochondrial MCD activity were not associated with a change in abundance, Another conundrum relates to the observed changes in GPAT. Incubation of isolated rat hepatocytes with AICAR has been shown to decrease mtGPAT activity by 20-40% within 20 minutes (35) and a 50% decrease in hepatic mtGPAT, associated with a 2-fold increase in AMPK activity, has been observed following the cessation of exercise in rat liver and adipose tissue (36). It has been suggested that these acute decreases in GPAT activity could be due to AMPK catalyzed phosphorylation of either GPAT or a molecule that regulates its activity (35);
however, this has yet to be demonstrated. This question aside, why the decrease in AMPK activity observed here during refeeding was not associated with an acute increase in GPAT activity remains to be determined. The later occurring increase in GPAT activity, seen in the present study, has previously been demonstrated to correlate closely with increases in both its abundance (27) and mRNA (17) .
The notion that AMPK coordinates the changes in ACC, FAS and possibly other hepatic enzymes during the starved-fed transition is compatible with earlier studies that linked these changes to increases in plasma insulin and decreases in glucagon (2, 34, 53) (Fig 5) . Thus, insulin has been reported to decrease AMPK activity in isolated hepatocytes (55) (9) failed to observe a difference in AMPK activity in the liver of 400-500 g rats studied in the middle of their light (not eating) and dark (eating) cycles despite activation of ACC during the time they were eating.
Similarly, Gonzales et al. (13) found only a modest increase AMPK activity (20%) in liver of mice fasted for 24h; however, in this study, ACC activity, as reflected by its phosphorylation, was not altered. The reason/s for these differing results is not clear. Possible factors include differences in age, species, duration of the fast, and whether the animals ate a large amount of food in a short time or nibbled when they were refed.
The decrease in AMPK activity observed during refeeding after a 48h fast is a readily reversible physiological occurrence. In contrast, sustained and presumably pathophysiological decreases in AMPK activity have been observed in tissues of rodents that genetically lack leptin, the leptin receptor (59), or interleukin-6 (21) or have a high plasma level of resistin (4). A common phenotype in these animals appears to be insulin resistance and a predisposition to diabetes and dyslipidemia (3, 39, 40) . Interestingly, decreases in hepatic AMPK activity, associated with insulin resistance and changes in ACC and MCD, similar to those described during refeeding, have been observed in normal rats during a sustained (5-24h) intravenous infusion of glucose at a high rate (24).
In conclusion, the results indicate that the transition from lipid catabolism to anabolism that occurs in liver during refeeding after a fast involves changes in the activity of MCD and DGAT, as well as ACC, FAS and GPAT. They also raise the possibility that changes in these enzymes are coordinated by a decrease in AMPK activity. In keeping with this notion, while this manuscript was in review, Foretz et al (12) reported that expression of a constitutively active form of α2 AMPK in liver prevents or markedly attenuates increases in the mRNA of ACC1 and 2, FAS and GPAT, as well as SREBP1 and ChREBP and enzymes governing glucose transport and glycolysis, in fasted-refed mice. In contrast to the present study, however, these investigators observed no decrease in AMPK activity during refeeding (see above), suggesting, as did an earlier report (9) , that factors in addition to a decrease in AMPK activity can modulate the post-prandial changes in lipid enzymes. 
